The S-phase DNA damage checkpoint is activated by DNA damage to delay DNA synthesis allowing time to resolve the replication block. We previously discovered the p53-dependent S-phase DNA damage checkpoint in mouse zygotes fertilized with irradiated sperm. Here, we report that the same p53 dependency holds in mouse embryonic fibroblasts (MEFs) at low doses of irradiation. DNA synthesis in p53 wild-type (WT) MEFs was suppressed in a biphasic manner in which a sharp decrease below 2.5 Gy was followed by a more moderate decrease up to 10 Gy. In contrast, p53À/À MEFs exhibited radioresistant DNA synthesis below 2.5 Gy whereas the cells retained the moderate suppression above 5 Gy. DNA fiber analysis revealed that 1 Gy irradiation suppressed replication fork progression in p53 WT MEFs, but not in p53À/À MEFs. Proliferating cell nuclear antigen (PCNA), clamp loader of DNA polymerase, was phosphorylated in WT MEFs after 1 Gy irradiation and redistributed to form foci in the nuclei. In contrast, PCNA was not phosphorylated and dissociated from chromatin in 1 Gy-irradiated p53À/À MEFs. These results demonstrate that the novel low-dosespecific p53-dependent S-phase DNA damage checkpoint is likely to regulate the replication fork movement through phosphorylation of PCNA.
Introduction
The p53 tumor suppressor gene plays prominent roles for the maintenance of genomic integrity and its functions in G1/S and G2/M checkpoints have been well documented (Levine, 1997; Fei and El-Deiry, 2003) .
In contrast, the role of p53 in the S-phase DNA damage checkpoint was reported only in a few studies in which the checkpoint was induced in tissue culture cells by depletion of the nucleotide substrates or in mouse zygotes by fertilization with X-ray-irradiated sperm (Agarwal et al., 1998; Shimura et al., 2002a) . p53 was shown to respond to the replication block induced by aphidicolin (Gottifredi et al., 2001; Nayak and Das, 2002) and colocalized with BLM, Rad51 and 53BP1 at the sites of stalled DNA replication fork (Sengupta et al., 2003 (Sengupta et al., , 2004 . p53 also accumulated during S-phase in Cdc7À/À ES cells with defective replication origin firing (Kim et al., 2002) . These studies suggest that p53 is likely to play a certain role in the S-phase DNA damage checkpoint in mammalian cells.
The S-phase DNA damage checkpoint is activated by DNA damage to delay DNA synthesis, allowing time to resolve the replication block (Boddy and Russell, 2001; Osborn et al., 2002) . Previously, the S-phase DNA damage checkpoint in tissue culture cells was studied at radiation doses higher than 5 Gy; mostly 10-20 Gy which were supra-lethal doses to the cells. The colony survival of Chinese hamster ovary (CHO) cells, a standard tissue culture cell line, decreases to 10 À3 for 10 Gy and to 10 À7 for 20 Gy (Elkind and Sutton, 1959) . However, the S-phase DNA damage checkpoint is induced in normal human fibroblast (NHF) at a dose as low as 1 Gy (Brown et al., 2003) which introduces around 40 double strand breaks in the whole genome but affects the colony-forming survival of repair proficient cells minimally. Therefore, it is desirable to use lower radiation doses of a more biological significance for the study of the molecular mechanism of the S-phase DNA damage checkpoint. Indeed, we have described a novel p53-dependent S-phase DNA damage checkpoint in mouse zygotes fertilized with X-irradiated sperm. The S-phase DNA damage checkpoint in mouse zygotes operated in a biphasic manner such that 3 H-TdR uptake was sharply suppressed at sperm doses below 2 Gy but less sharply at higher doses and the first portion was found to be dependent on p53 (Shimura et al., 2002a) .
The S-phase DNA damage checkpoint is known to operate through two mechanisms; by suppressing new origin firing and replication fork progression (Boddy and Russell, 2001; Osborn et al., 2002) . Suppression of late origin firing in response to DNA damage is dependent on Mec1 and Rad53 in yeast (Santocanale and Diffley, 1998; Shirahige et al., 1998) , and on their respective homologues ATM and Chk2 in mammalian cells (Larner et al., 1999; Falck et al., 2001) . Suppression of replication fork progression was demonstrated in a classic work of fiber autoradiography analysis of irradiated cells (Watanabe, 1974) . As p53 was reported not to be required for the suppression of origin firing (Xie et al., 1998; Falck et al., 2001; Merrick et al., 2004) , the p53-dependent S-phase DNA damage checkpoint is likely to act by suppressing replication fork progression.
The replication fork consists of a template and a replication complex in which proliferating cell nuclear antigen (PCNA) plays a pivotal role. Proliferating cell nuclear antigen assembles as a trimer in S-phase with the help of replication factor-C (RF-C) and binds to DNA in an ATP-dependent manner. The function of PCNA is to recruit DNA polymerase d and e onto the replication site during S-phase, and to recruit repair factors and translesional DNA polymerases to the site of DNA damage (Tsurimoto, 1999; Stelter and Ulrich, 2003) . Proliferating cell nuclear antigen is found in a soluble form in nuclei of quiescent cells and a detergentinsoluble trimeric form in S-phase cells (Bravo and Macdonald-Bravo, 1987) . The latter form is in stable association with the replication fork and forms focus in cells treated with UV and alkylating agents (Miura et al., 1996; Savio et al., 1998) .
In this paper, we have studied the role of p53 in the S-phase DNA damage checkpoint in MEFs exposed to low-dose gamma-irradiation. Furthermore, we examined the damage response of PCNA to clarify the molecular mechanism of p53-dependent suppression of replication fork progression.
Results
Low-dose-specific p53-dependent S-phase DNA damage checkpoint in mouse embryonic fibroblasts The p53-dependent S-phase DNA damage checkpoint was studied in MEFs ( Figure 1a) . A biphasic doseresponse was noted for the suppression of DNA synthesis in wild-type (WT) MEFs. When analysed 4 h after irradiation, a sharp decrease in the rate of DNA synthesis was noted at doses below 2.5 Gy which was followed by a more moderate decrease at higher doses. As expected, radioresistant DNA synthesis (RDS) was evident in ATMÀ/À MEFs where both the low-dose sharp decrease and the high-dose moderate decrease were absent. p53À/À MEFs exhibited clear RDS at doses below 2.5 Gy, whereas its DNA synthesis was suppressed above 5 Gy. Interestingly, we repeatedly observed that the rate of DNA synthesis increased slightly at low dose(s) of irradiation in p53À/À and ATMÀ/À MEFs. This slight increase was consistent with that reported in cells from A-T patients (Falck et al., 2001) . The low-dose-specific RDS in p53À/À MEFs was not owing to abrogation of a p53/p21 regulated G1/S-phase checkpoint in the cells, as suppression of DNA synthesis in p21À/À MEFs exhibited the same low-dose-specific sharp decrease as in WT MEFs in addition to the high-dose range moderate decrease (Figure 1a) .
The RDS analysis in Figure 1a by pulse labeling with 3 H-thymidine measures overall DNA synthesis of an asynchronous cell population. It is therefore desirable to test the effect of irradiation specifically on S-phase cells. We now performed sequential pulse labeling of the cells with two nucleotide analogs, 5-iodo-2 0 -deoxyuridine (IdU) and 5-chloro-2 0 -deoxyuridine (CldU). DNA labeled with these analogs can be differentially stained by two distinct antibodies to two colors; IdU as red (Cy3) and CldU as green (Alexa488). Cells were pulse labeled for 10 min with IdU before irradiation to specifically label the S-phase cells. They were then irradiated, incubated for 1 h and pulse labeled for 15 min with CldU to examine the effect of radiation on DNA synthesis (Figure 1b) . The staining pattern of replication foci was reported to change during S-phase (Jackson and Pombo, 1998; Ma et al., 1998; Dimitrova and Gilbert, 2000; Leonhardt et al., 2000) . Therefore, we focused specifically on cells with the homogeneous IdU staining characteristic to the early S-phase, to examine the changes in the distribution of replication foci 1 h after irradiation. In the unirradiated WT, p53À/À and ATMÀ/À MEFs, the staining pattern of CldU was homogeneous and overlapped with that of IdU. Upon 1, 2.5 and 5 Gy irradiations, however, the second CldU labeling took foci-like staining in WT MEFs and the uptake of CldU was clearly suppressed as judged from the decreased intensity of the green fluorescence. In contrast, p53À/À MEFs exhibited the same homogeneous staining for CldU even after exposures to doses below 2.5 Gy, in addition to the unchanged intensity of the green fluorescence. The intensity in p53À/À MEFs was clearly decreased when the dose was 5 Gy. The staining pattern and the intensity of CldU were unaffected in ATMÀ/À MEFs by any doses of radiation in agreement with the RDS phenotype of ATMÀ/À cells (Painter and Young, 1980) . Thus, the p53-dependent S-phase DNA damage checkpoint found originally in sperm irradiated mouse zygotes appears to operate also in MEFs at low doses of gamma-irradiation.
In order to determine whether p53 is activated during S phase after gamma-irradiation, double immunostaining for 5-bromo-2 0 -deoxyuridine (BrdU) and p53-phosphoserine-15 (phospho-p53) was performed in WT and ATMÀ/À MEFs. As expected, cells labeled with BrdU were almost completely devoid of phosphop53 in unirradiated WT and ATMÀ/À MEFs. Within 1 h after 1 Gy irradiation, the phosphorylated form of p53 was detected in BrdU-positive WT MEFs (Figure 1c ). This indicated that p53 was activated by a low dose of irradiation in S-phase cells. In contrast, p53 was not phosphorylated after 1 Gy irradiation in ATMÀ/À MEFs ( Figure 1c ). This suggested that ATM is essential for activation of p53 after a low-dose irradiation in S-phase cells.
p53-dependent S-phase DNA damage checkpoint T Shimura et al p53-dependent slowing down of replication fork progression after low-dose irradiation A DNA fiber assay was performed to study the mode of action of the p53-dependent S-phase DNA damage checkpoint (Merrick et al., 2004) . This assay allows us to analyse the rate of replication fork progression and the initiation of DNA replication after irradiation. Cells were pulse labeled with IdU (red signal; R), irradiated, labeled with CldU (green signal; G) for 20 min, and then DNA fiber preparations were made (Figure 2a) . The experiments revealed five patterns of fiber staining, R-G, G-R-G, R-G-R, R-only and G-only tracks (Figure 2a) . The R-G track, a DNA fiber with unidirectional red and green staining, corresponds to continuous elongation of replication fork during the first and the second labeling periods, respectively. Similarly, the G-R-G track is for the initiation of DNA replication in the first labeling period with continuation of bidirectional replication fork progression during the second labeling period. In these events, the rate of replication fork progression after irradiation is represented by the length of green fibers. The R-G-R track and R-only track correspond to the termination and termination and/or stalled fork progression, respectively. The G-only track is for a new initiation of replication in the second labeling period. 0 -deoxyuridine for 1 h before irradiation to identify cells in S phase and irradiated with 1 Gy. After further incubation for 1 h, cells were immunostained with antibodies to p53-phosphoserine-15 (phospho-p53) and against BrdU. Nuclei were stained with 4, 6-diamidino-2-phenylindole.
As shown in Figure 2b , irradiation suppressed the new origin firing (the frequency of the G-only track) to about a half the level at 1 and 5 Gy in WT and p53À/À MEFs, whereas it was not in ATMÀ/À MEFs. The G-only tracks can arise from the mechanical or radiation induced fragmentation of R-G, G-R-G and R-Gp53-dependent S-phase DNA damage checkpoint T Shimura et al R tracks. Therefore, irradiation and subsequent labeling of the cells with IdU followed by CldU were tested. The new initiation as represented by G-R-G tracks in this procedure was also suppressed in WT and p53À/À MEFs, suggesting the inhibition of initiation by irradiation (Supplementary Figure 1) . Again, initiation of DNA replication was not inhibited in irradiated ATMÀ/À MEFs. The increase in the frequency of the R-only track after gamma-irradiation indicated that replication fork stalled in WT and p53À/À MEFs upon DNA damage ( Figure 2c ). The frequency of the R-only track is significantly higher in unirradiated p53À/À MEFs than in the corresponding WT MEFs for yet unknown mechanism. Consequentially, radiation induced stalling of replication forks was relatively less in p53À/À MEFs than in WT MEFs. In contrast, replication forks did not stall after irradiation of ATMÀ/À MEFs. The majority of labeled DNA fibers (80%) in the WT, p53À/À and ATMÀ/À MEFs were those of the R-G tracks indicating that DNA replication continued even after irradiation (Figure 2d ), although the rate of fork progression was reduced dose dependently as judged by the shorter length of green portion of the fibers (see Figure 2a for 1Gy and 5 Gy-irradiated WT MEFs, and 5 Gy-irradiated p53À/À MEFs).
We next examined the rate of fork progression by measuring the length of red and green portions in R-G tracks (ongoing replication forks). The average extension rate was 1.74 mm/min during both labeling periods in unirradiated WT, p53À/À and ATMÀ/À MEFs, whereas the rate dropped to 0.80 and 0.60 mm/min after 1 and 5 Gy of irradiation in WT MEFs (Figure 2e ). This suppression did not occur in p53À/À MEFs at low doses of 1 and 2.5 Gy (extension rate; 1.66 mm/min and 1.25 mm/min), but did take place at a higher dose of 5 Gy (extension rate; 0.72 mm/min). The extension rate of replication fork in ATMÀ/À MEFs was unaffected by irradiation (Figure 2a, e) . As for the validity of the fork progression rate analyses, one has to keep in mind that each of the replication forks may well differ in its speed of progression. In order to normalize for this difference, the ratio of the R-track length (the first labeling period) and the G-track length (the second labeling period) of R-G tracks was analysed following the procedure by Henry-Mowatt et al. (2003) . The distribution of the ratio is shown in Figure 2f . The results again demonstrate that the low-dose-specific p53-dependent S-phase checkpoint functions in suppression of replication fork progression after irradiation. ATM is essential for this slowing of replication fork in irradiated cells.
p53-dependent focus formation of proliferating cell nuclear antigen after irradiation Proliferating cell nuclear antigen is a replication fork processivity protein at the ongoing replication fork during normal S-phase. In order to analyse the mechanism of p53-dependent suppression of replication fork progression, spatial distribution of PCNA was examined 1 h after irradiation. The cells in S-phase were pulse labeled with IdU for 10 min, irradiated, incubated for another 1 h and then fixed and stained for further analyses. As stated before, the staining pattern of replication foci in cells was reported to change during S-phase. Cells in early S-phase displayed numerous replication foci located in the internal, euchromatic region of the nucleus whereas cells in the late S-phase showed small numbers of relatively large foci in the heterochromatin region (Dimitrova and Gilbert, 2000; Leonhardt et al., 2000) . Again, we focused only on cells with the homogeneous staining pattern of IdU characteristic to early S-phase to examine the redistribution of PCNA after irradiation.
As shown in Figure 3a , IdU and PCNA signals were homogeneously distributed in nuclei of unirradiated WT, p53À/À and ATMÀ/À MEFs. Irradiation of WT MEFs with 1 and 5 Gy triggered redistribution of PCNA from the homogeneous staining to the focal staining (Figure 3a) . To our surprise, PCNA disappeared in p53À/À MEFs 1 h after 1 Gy irradiation whereas the large foci were clearly detected when the dose was as high as 5 Gy (Figure 3a) . Disappearance of PCNA was also observed when the dose was 2.5 Gy (Figure 3b) . Thus, the lack of suppression of DNA synthesis at low-dose irradiated p53À/À MEFs paralleled with the absence of PCNA in the nucleus. Conversely, suppression of DNA synthesis paralleled with the focus like clustering of PCNA in low-and high- Figure 2 p53-dependent suppression of replication fork progression after irradiation. DNA fiber assay was performed in wild-type (WT), p53À/À and ATM À/À mouse embryonic fibroblasts (MEFs). Cells were labeled with 5-iodo-2 0 -deoxyuridine (IdU) (Cy3; red color) for 10 min, irradiated, and then labeled with 5-chloro-2 0 -deoxyuridine (CldU) (Alexa488; green color) for 20 min. DNA fiber staining was performed as described in the Materials and methods and the each experiment was repeated twice independently. The frequency of new origin firing, stalled replication forks and ongoing replication forks was estimated from the number of indicated tracks divided by total labeled tracks. The data presented in the panels b-d are the summary of the scoring of 100 tracks. Error bars represent the corresponding standard deviations; in some cases the standard deviations were too small to be visible on the histogram. p53-dependent S-phase DNA damage checkpoint T Shimura et al dose irradiated WT MEFs, and high dose irradiated p53À/À MEFs. In the case of ATMÀ/À MEFs, the homogeneous staining pattern of PCNA was unchanged by either 1 or 5 Gy of irradiation. Figure 3b shows the dose responses of PCNA focus formation in IdUpositive MEFs of different genetic backgrounds. The observations can be summarized as follows: a dosedependent increase of the frequency of cells with PCNA foci for WT and p21À/À MEFs; disappearance of foci for p53À/À MEFs below 2.5 Gy whereas an increase in the frequency to the wild-type levels at 5 Gy; unchanged homogeneous staining in ATMÀ/À MEFs even after 5 Gy without any focal staining. In order to determine whether or not ATM regulates p53-dependent focus formation of PCNA at low dose of irradiation, caffeine, an inhibitor of ATM and ATR kinase, was added to WT and p53À/À MEFs cultures before irradiation. As shown in Figure 3a , PCNA staining stayed homogeneous in caffeine-treated WT and p53À/À MEFs after irradiation. These results suggest that ATM mediates the p53-dependent focus formation of PCNA after irradiation.
When DNA is damaged, DNA repair proteins accumulate at DNA double strand beaks to form foci (DNA Figure 3 p53-dependent focus formation of proliferating cell nuclear antigen (PCNA) in S-phase after irradiation. Cells were labeled with 5-iodo-2 0 -deoxyuridine (IdU) for 10 min to identify S-phase cells and fixed for immunostaining for PCNA 1 h later after irradiation. Caffeine (3 mM) was added in medium 30 min before irradiation. 5-iodo-2 0 -deoxyuridine incorporation was detected by Cy3-conjugated antibodies (red) and PCNA distribution was detected by immunofluorescence with Alexa488-conjugated antibodies (green). p53-dependent S-phase DNA damage checkpoint T Shimura et al repair foci), which include PCNA (Karmakar et al., 2001; Solomon et al., 2004) . The relationship between gamma-irradiation induced PCNA foci and DNA repair foci was studied by analyzing focus formation of g-H2AX and phospho-ATM which accumulate at DNA double strand beaks (Bakkenist and Kastan, 2003; Pilch et al., 2003; Sedelnikova et al., 2003) . Interestingly, PCNA foci did not co-localize with g-H2AX foci and phospho-ATM foci after low-dose irradiation of WT MEFs (Figure 3c ). These results demonstrate that PCNA foci, the sites of the slowly moving replication fork, are distinct from DNA repair foci. Therefore, slowing down of replication fork movement and the resulting suppression of DNA synthesis are the consequence of cellular response to DNA damage, rather than the result of the mechanical block of replication fork movement at the sites of DNA double strand breaks. A very similar conclusion was reached in our previous study of mouse zygotes fertilized by irradiated sperm in which the suppression of DNA synthesis was observed even in the unirradiated female pronuclei (Shimura et al., 2002a) .
p53-dependent chromatin binding of proliferating cell nuclear antigen after low-dose irradiation
Disappearance of PCNA in 1 Gy-irradiated p53À/À MEFs could result from a decrease in the amount of PCNA proteins in the cells. However, the total amounts of PCNA protein in both WT and p53À/À MEFs were unchanged by gamma-irradiation at doses up to 10 Gy (Figure 4a ). The chromatin bound form of PCNA was therefore investigated using the method of Balajee and Geard (2001) . The chromatin-bound PCNA in detergent-insoluble fraction was found to be less abundant in p53À/À MEFs than in WT MEFs. The amount decreased dramatically after exposure to 1 Gy, but stayed unchanged when the dose was 5 Gy (Figure 4b ). Disappearance of chromatin-bound PCNA in detergentinsoluble fraction of 1 Gy-irradiated p53À/À MEFs was not owing to degradation of proteins, because PCNA was present in detergent-soluble nucleoplasmic fraction.
Phosphorylation and nuclear focus formation of proliferating cell nuclear antigen after irradiation Phosphorylation was shown to be required for the binding of PCNA to chromatin in UV-irradiated cells (Prosperi et al., 1993) . Therefore, 32 P-labeling experiments were carried out to examine whether or not this was also the case for gamma-irradiated cells. A significant uptake of 32 P was observed in 1 Gy-irradiated WT MEFs when the cells were incubated with 32 P-orthophosphate (Figure 5a ). In contrast, the uptake of 32 P was not observed in 1 Gy-irradiated p53À/À MEFs and 5 Gyirradiated ATMÀ/À MEFs. Therefore, it is possible that phosphorylation is required for the chromatin binding of PCNA after gamma-irradiation. It is also possible that the lack of chromatin binding of PCNA in 1 Gyirradiated p53À/À MEFs could be related to its absence of phosphorylation (Figure 4b ). To test these possibilities, we utilized lambda-phosphatase to remove the phosphate residue(s) of PCNA. Treatment of the chromatin fraction of cell extract with lambda-phosphatase decreased the amount of chromatin-bound PCNA for 5 Gy-irradiated WT MEFs, but not for unirradiated WT MEFs (Figure 5b ). In addition, immunostaining analysis revealed that PCNA foci were completely removed when 5 Gy-irradiated WT MEFs were treated with lambda-phosphatase whereas the same treatment did not affect other proteins such as histone H3 (Figure 5c and d) . These results indicate that the phosphorylation on PCNA by ATM or ATM-dependent kinase is essential for the chromatin binding of PCNA after irradiation. In addition, phosphorylation of PCNA requires the functional p53 at the low-dose range such as 1 Gy.
Activation of ATM in wild-type mouse embryonic fibroblasts and p53À/À mouse embryonic fibroblasts Phosphorylation on PCNA was defective in p53À/À MEFs after 1 Gy irradiation and this could be owing to the lack of, or weak activation of ATM in p53À/À MEFs when DNA damage is limited. Therefore, activation of ATM was investigated by analyzing the active form of posphorylated ATM. Anti-ATM-phosphoserine-1981 antibody detected phospho-ATM foci at 1 h after irradiation in PCNA-positive cells and the number of these foci increased dose dependently both in WT and p53À/À MEFs ( Figure 6 ). These results suggest that activation of ATM is normal in p53À/À MEFs p53-dependent S-phase DNA damage checkpoint T Shimura et al even though the cells lack ATM mediated phosphorylation of PCNA after irradiation.
Discussion
Low-dose-specific p53-dependent S-phase DNA damage checkpoint In the present study, the ATM-dependent S-phase DNA damage checkpoint was shown to consist of low-dose and high-dose components. The low-dose component operates at doses below 2.5 Gy and is dependent on the functional p53. p53 was reported not to be required in the S-phase DNA damage checkpoint (Xie et al., 1998; Falck et al., 2001; Merrick et al., 2004) . However, these studies used gamma-ray doses higher than 5 Gy, which are supra-lethal to the cells. In fact, the use of high doses was a common practice from the time of the discovery of radiation induced suppression of DNA synthesis in 1974 (Watanabe, 1974) and the use was continued even after the discovery of radioresistant DNA synthesis in AT cells (Painter and Young, 1980) . The doses below 5 Gy was not in general, used for the analysis of suppression of DNA synthesis, despite 1 Gy was shown to suppress DNA synthesis in normal human fibroblasts (Brown et al., 2003) . (Laderoute 1996) reported that p53 was not essential for the suppression of DNA synthesis at 2 Gy in HL-60 cells expressing mutant p53. However, one cannot draw such conclusion on the role of p53, as ATM protein, a key factor in S-phase DNA damage checkpoint, was undetectable in HL60 (Gately et al., 1998) . Low dose specificity of the p53-dependent S-phase DNA damage checkpoint was found previously in p53 þ / þ and p53À/À mouse zygotes fertilized with irradiated sperm (Shimura et al., 2002a) . Now the same checkpoint is demonstrated in mouse fibroblasts. Thus, this p53 dependency is supposed to be a general trait of the S-phase DNA damage checkpoint in mammalian cells exposed with low doses of radiation.
Low-dose-specific suppression of replication fork progression by p53
The effect of ionizing radiation on DNA synthesis in eukaryotic cells was well documented (Rowley et al., 1999) . When the size distribution of 3 H-labeled DNA was monitored in alkaline sucrose gradients, small DNA fragments of the nascent strands of newly initiated replication were reduced whereas large fragments of the progressing replication forks stayed constant after p53-dependent S-phase DNA damage checkpoint T Shimura et al moderate radiation doses of 1-5 Gy in CHO and Hela cells (Painter and Young, 1975; ) . It was also found that ionizing radiation induced a transient block of origin firing but did not affect progression of replication fork in Hela cells (Merrick et al., 2004) . Suppression of replication fork progression was shown to occur only at extremely high doses in mouse leukemic L5178Y (Watanabe, 1974; Makino and Okada, 1975) . These reports concluded that moderate doses of ionizing radiation inhibit initiation of DNA synthesis rather than suppression of replication fork progression. However, all of the cell lines used in these studies were either p53 deficient or p53 mutated (Storer et al., 1997; Hu et al., 1999; Bohnke et al., 2004) . Therefore, the lowdose specificity and p53 dependency of the suppression of replication fork progression may well have been overlooked. In fact, 1.5 Gy gamma-radiation was reported to induce suppression of replication fork progression in p53 proficient normal human fibroblasts (Heffernan et al., 2002) . Furthermore, (Painter and Young, 1980) found radiation-induced suppression of chain elongation in p53 proficient E-11 normal human diploid cells whereas the same authors found no such suppression in p53 mutated cell line as discussed above (Painter and Young, 1975) . Our present study clearly demonstrated that p53 is required in suppression of replication fork progression after 1 Gy irradiation of MEFs and this is the true checkpoint response rather than the mechanical interference of replication fork movement by the damage on template strand of DNA.
p53 dependence of ATM-mediated phosphorylation of proliferating cell nuclear antigen In the present analysis, we have discovered a novel role of p53 in the S-phase DNA damage checkpoint. The data suggest that ATM or ATM-dependent kinase phosphorylates PCNA in the p53 proficient cells. Phosphorylated PCNA binds to chromatin and forms foci in irradiated cells. This PCNA focus formation was absolutely dependent on ATM, and was associated with the suppression of replication fork progression. The phosphorylation and focus formation of PCNA, and the suppression of DNA synthesis were p53-dependent at doses below 2.5 Gy, but not at higher doses, suggesting the damage level dependence of the S-phase DNA damage checkpoint. In fact, the S-phase DNA damage checkpoint was reported to require a threshold level of damage to activate the checkpoint response (Shimada et al., 2002) . Full activation of Chk2, an effector of the S-phase DNA damage checkpoint, was reported to require radiation doses above 2 Gy (Buscemi et al., 2004) , indicating the presence of a threshold for the induction of the whole battery of S-phase DNA damage responses. Our data suggested that 1 Gy of gammairradiation is enough to activate p53 to execute the p53-dependent suppression of replication fork progression in MEFs through phosphorylation of PCNA.
Two of the targets of p53, Gadd45 and p21, are known to interact with PCNA (Smith et al., 1994; Waga et al., 1994) , but the significance of the Gadd45/PCNA interaction is not at all clear (Kearsey et al., 1995) . p21 cannot be the mediator of the p53-dependent focus formation of PCNA and the subsequent S-phase DNA damage checkpoint because these can occur in cells deficient in p21 as shown by the data of Figure 1a and Figure 3c . In addition, p53 mutants that lack the transcriptional activation function are nonetheless capable of activating the S-phase DNA damage checkpoint in mouse zygotes (Toyoshima et al., 2005) . These findings indicate that the protein interaction function of p53, but not the transactivation function, is integral to the prosecution of the low-dose-specific p53-dependent S-phase DNA damage checkpoint.
A novel role of proliferating cell nuclear antigen and its phosphorylation in regulating the replication fork progression Proliferating cell nuclear antigen redistributed from the homogeneous staining to the focal staining in irradiated p53-dependent S-phase DNA damage checkpoint T Shimura et al WT MEFs. However, PCNA dissociated from chromatin in low dose irradiated p53À/À MEFs whereas the PCNA staining pattern was unchanged in ATMÀ/À MEFs at any dose. Furthermore, caffeine, an inhibitor of ATM and ATR, abrogated disassembly of PCNA from chromatin after 1 Gy irradiation of p53À/À MEFs. These suggest that focus formation and chromatin binding of PCNA at low radiation doses required both ATM and p53. ATM is known to be essential in the S-phase DNA damage checkpoint (Painter and Young, 1980) and radiation is well known to suppress replication fork progression for many years (Watanabe, 1974) . However the precise mechanism of downregulating the replication fork movement has not been clarified.
Based on the present study, a working hypothesis can be formulated on the molecular mechanism of the p53-dependent S-phase DNA damage checkpoint which is summarized as follows. After low-dose irradiation, ATM or ATM-dependent kinase is activated to phospholyrate various target proteins. Proliferating cell nuclear antigen is also phosphorylated but only with the aid of p53 and the modified PCNA then binds to the replication complex on the chromatin. The complex with phosphorylated PCNA moves more slowly, allowing time to repair the damage, thus reducing the risk of colliding onto the damage along the template strand. In the absence of p53, ATM-mediated phosphorylation of PCNA does not take place even though low doses of gamma-irradiation activate ATM. Non-phosphorylated PCNA in the presence of activated ATM dissociates from the chromatin, leading to DNA synthesizes without PCNA in p53À/À MEFs. Under this condition, replication of damaged DNA templates proceeds at a normal rate which is likely to results in a higher rate of chromosome aberrations. Indeed, we have reported previously the induction of numerous chromosome aberrations in p53À/À mouse zygotes fertilized with irradiated sperm (Shimura et al., 2002b) . In the absence of ATM, PCNA binds with chromatin without ATM mediated phosphorylation of PCNA, however PCNA dose not form foci after irradiation as in WT MEFs. Replication forks continue progression without recognition of DNA damage after irradiation in ATMÀ/À MEFs. Therefore, PCNA did not change the localization before and after irradiation in ATMÀ/À MEFs.
In our present study, a new role of PCNA in regulating replication fork progression is excavated where p53 assisted phosphorylation of PCNA by ATM is essential. Whether or not this new pathway of the S-phase DNA damage checkpoints regulates other cellular activities such as resolution of and recombination at the collapsed replication forks remain to be elucidated (Janz and Wiesmuller, 2002) .
Materials and methods
Cells and culture conditions Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, and 100 U/ml penicillin/streptomycin (GIB-CO, Grand Island, NY, USA). Primary MEFs (WT, p53À/À, ATMÀ/À, p21À/À) were derived from 13.5-day-old mouse embryos of the ICR strain. Following removal of the head and internal organs, each embryo was rinsed with phosphatebuffered saline (PBS), minced with scissors and cultured onto 60 mm tissue culture dishes. ATMÀ/À MEFs were kindly provided by Proffessor Komatsu (Radiation Biology Center, Kyoto University) and were those immortalized by the human TERT-gene. The cultures were maintained at 371C in a humidified 5% CO 2 atmosphere. Irradiation Gamma-irradiation was performed at room temperature using a 137 Cs source at a dose rate of 1.25 Gy/min (Gammacell 40 exactor, MDS Nordion, Ottawa, Canada). After irradiation, the medium was replaced and cells were incubated for further analyses.
Radio-resistant DNA synthesis assay The rate of DNA synthesis was measured by the 14 C-/ 3 Hthymidine double labeling method. Briefly, cells were prelabeled with 0.37 kBq/ml 14 C-thymidine for 2 days, irradiated and further incubated for 4 h. Cells were then pulse labeled with 3 H-thymidine at 37 kBq/ml for 15 min. Cells were washed with PBS(À), trypsinized, trapped onto glass microfiber filters (Whatman GF/C), rinsed twice with an ice-cold 10% trichloroacetic acid, then with ice-cold ethanol and acetone, and air-dried. The radioactivity of each sample was quantified by a liquid scintillation counter (Packard TriCarb 2200CA) and the 3 H/ 4 C ratio was taken as the rate of DNA synthesis.
DNA fiber analysis
Cells were labeled with 20 mM IdU for 10 min and then labeled with 100 mM CldU for 20 min. Cells were trypsinized and resuspended in PBS at 1 Â 10 6 cells/ml. 2.5 ml of cells were mixed with 7.5 ml of lysis buffer (0.5% SDS in 200 mM TrisHCl, pH 7.4, 50 mM ethylene diaminetetraacetic acid) on a glass slide. After 8 min, DNA spreads were fixed in 3:1 methanol/acetic acid, and stored in 70% ethanol at 41C. 5-chloro-2 0 -deoxyuridine and IdU staining was performed according to the protocol described by others (Dimitrova and Gilbert, 1999) .
Immunofluorescence Cells were seeded onto glass coverslips placed in 10 mm tissue culture dishes. After irradiation with gamma-ray, cells were incubated for indicated times. The coverslips were treated with a hypotonic lysis solution (10 mM Tris-HCl pH 7.4, 2.5 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride and 0.5% Nonidet P-40) for 8 min on ice. This step was omitted for immunostaining of p53-phosphoserin-15. The coverslips were washed twice with PBS, fixed with ice-cold acetone (5 min) and then with ice-cold methanol (5 min). After rehydration with PBS, the cells were permeabilized and blocked for 30 min at room temperature in 1% bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS. Anti-PCNA antibody (Mouse IgG, PC10; Oncogen, Darmstadt, Germany) (Rabbit IgG, SC-7007; Santa Cruz, U.S.A.), anti-p53-phosphoserine-15 (Rabbit IgG, SC11764-R; Santa Cruz, U.S.A.), anti-acetylhistone H3 (upstate), anti-ATM-phosphoserine 1981 (Rockland, Gilbertsville, U.S.A.) and anti-g-H2AX (Trevigen, Gaithersburg, U.S.A.) were diluted in PBS with 0.5% BSA and incubated with the coverslips for 1 h at 371C. The coverslips were then washed three times with 0.1% Triton X-100 in 0.1 Â PBS, incubated for 1 h at 371C with secondary antibodies conjugated with fluorescein isothiocyanate (fluorescein isothiocyanate, Santa Cruz for rabbit IgG), Alex 488 p53-dependent S-phase DNA damage checkpoint T Shimura et al (Molecular Probes, Carlsbad, U.S.A., for mouse IgG) or Cy-3 (Jackson Immuno Research Laboratories, Inc., West Grove, U.S.A., for mouse IgG). The coverslips were washed three times with 0.1% Triton X-100 in 0.1 Â PBS, counterstained for DNA with 4, 6-diamidino-2-phenylindole (DAPI) (4 mg/ml prepared in Vectashield mouting medium; Vector laboratories, Burlingame, U.S.A.). In the case of double immunostaining for p53-phosphoserin-15/BrdU and PCNA/IdU, cells were incubated with 10 mM BrdU or IdU before irradiation. After immunostaining with anti-PCNA antibody (Santa Cruz), samples were fixed with 4% paraformaldehyde for 5 min at room temperature, washed with PBS, and then DNA was denatured in 2N HCl, 0.5% Triton X-100, for 10 min at 371C. After washing with PBS, the coverslips were incubated with anti-BrdU antibody (Becton Dickinson, Franklin Lakes, U.S.A.) diluted 1:100 in PBS with 0.5% BSA for 1 h at 371C. The coverslips were washed with 0.1% Triton X-100 in 0.1 Â PBS and incubated for 1 h at 371C with secondary antibody conjugated with Cy-3. After washing three times with 0.1% Triton X-100 in 0.1 Â PBS, the coverslips were stained for DAPI.
Western blot analysis
Soluble and insoluble proteins were prepared using the protocol of (Balajee and Geard, 2001 ). Proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE) gel and transferred electrophoretically to a nitrocellulose membrane (Hybond-ECL, Amersham Pharmacia Biotech, Piscataway, U.S.A.). The membrane was blocked with 5% non-fat milk. It was thereafter incubated with mouse anti-PCNA antibody (Mouse IgG, PC10; Oncogene, Darmstadt, Germany) or mouse anti-b-Tubulin antibody (SigmaAldrich, St. Louis, U.S.A.) for 1 h at room temperature, then with peroxidase-conjugated anti-mouse IgG antibody (Santa Cruz), and developed with the ECL Western blotting detection system (Amersham Pharmacia Biotech).
Phosphorylation studies Cells were plated in two 100 mm tissue culture dishes and were washed with phosphate-free DMEM (GIBCO). Plates were incubated with phosphate-free DMEM (GIBCO) containing 10% FCS and 0.2 mCi/ml 32 P-orthophosphate (Amersham) for 1 h. Cells were irradiated and reincubated in the presence of 0.2 mCi/ml 32 P-orthophosphate for an additional 1 h and then washed with ice-cold PBS. The cell extracts of chromatinbound fraction were prepared by the methods described above. Extracts were centrifuged for 10 min at 10 000 g. Total protein from the supernatant was incubated for 1 h at 41C with 15 ml of protein A/G agarose beads (Santa Cruz), after which the material was centrifuged. The supernatant was incubated for 3 h at 41C with anti-PCNA antibody (Santa Cruz) and 30 ml of protein A/G agarose beads, after which, the beads were collected and washed three times with binding buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.5% deoxycholate, 0.1% SDS and 1% Nonidet P-40). After immunoprecipitation, PCNA was analysed by SDS-PAGE and autoradiography.
